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ABSTRACT
Circumstellar environments are now routinely observed by dedicated high-contrast imagers on large, ground-based ob-
servatories. These facilities combine extreme adaptive optics and coronagraphy to achieve unprecedented sensitivities for
exoplanet detection and spectral characterization. However, non-common path aberrations (NCPA) in these coronagraphic
systems represent a critical limitation for the detection of giant planets with a contrast lower than a few 10−6 at very small
separations (<0.3′′) from their host star. In 2013 we proposed ZELDA, a Zernike wavefront sensor to measure these resid-
ual quasi-static phase aberrations and a prototype was installed in SPHERE, the exoplanet imager for the VLT. In 2016,
we demonstrated the ability of our sensor to provide a nanometric calibration and compensation for these aberrations on
an internal source in the instrument, resulting in a contrast gain of 10 at 0.2′′ in coronagraphic images. However, initial
on-sky tests in 2017 did not show a tangible gain in contrast when calibrating the NCPA internally and then applying the
correction on sky. In this communication, we present recent on-sky measurements to demonstrate the potential of our
sensor for the NCPA compensation during observations and quantify the contrast gain in coronagraphic data.
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1. INTRODUCTION
Circumstellar disks and planetary companions around nearby stars are routinely observed on the ground by several facil-
ities with exoplanet direct-imaging capabilities.1–6 Of these facilities, the instruments VLT/SPHERE and Gemini Planet
Imager (GPI) have seen first light in 2013-2014, providing unprecedented sensitivity and inner working angle for exoplanet
observations.7, 8 Since their commissioning, they have shed light on known or newly detected planetary companions with
insights on their physical characteristics (orbit and mass) and atmospheric chemical features through spectral characteriza-
tion and photometric and astrometric information.9–12 In parallel, they are used to perform large surveys (GPIES, SHINE)
that will target several hundreds of young, nearby stars, with the goal of probing the demography of the giant exoplanets
population at large orbital separation. Up to now, these surveys have uncovered a few giant companions,13–16 but many
dozens of candidates remained to be confirmed and may lead to additional discoveries.
These ground-based instruments rely on a combination of extreme adaptive optics (ExAO) system, coronagraphy, ded-
icated observational strategies and post-processing methods. Differential aberrations between the ExAO sensing path and
the science path, so-called non-common path aberrations (NCPA), have been identified as setting high-contrast perfor-
mance limits for adaptive optics instruments. Their importance was well known17 at the start of the development of the
recently commissioned planet imagers, GPI and SPHERE, and various strategies were implemented to minimize them. For
SPHERE, the very low order NCPA correction (tip, tilt and defocus) are optimised directly at the level of the coronagraph
during the target acquisition, but the calibration strategy for higher orders, originally based on phase diversity techniques,18
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was not found to improve the final image quality and was finally discarded because the wavefront error budget was already
within the specifications necessary to achieve the contrast objectives of the instrument. Still, the remaining NCPA are on
the order of a few tens of nanometers, preventing coronagraphs from achieving their ultimate performance. These wave-
front errors can be split into two contributions: the long-timescale aberrations that are due to the optical surface errors or
misalignment in the instrument optical train and the slowly varying instrumental aberrations that are caused by thermal or
opto-mechanical deformations as well as moving optics such as atmospheric dispersion correctors.19–21 They lead to static
and quasi-static speckles in the coronagraphic images, which represent critical limitations for the detection and observation
of older or lighter gaseous planets at smaller separations. More precise measurement strategies are required to measure and
correct for these small errors with accuracy and achieve deeper contrast (down to 10−7, representing the ultimate contrast
limit of these instruments) for the observation of the faintest companions.
For this purpose, we proposed the use of a Zernike phase mask sensor to calibrate the NCPA that are seen by the
coronagraph in exoplanet direct imagers.22 A prototype of such a sensor, called ZELDA (Zernike sensor for Extremely
Low-level Differential Aberrations), was finally implemented in SPHERE during the commissioning phase. The first
validation of ZELDA was presented in N’Diaye et al. (2016) and we demonstrated a clear potential to increase the raw
contrast by a factor up to 10 at very small angular separation (0.1′′–0.4′′).23 However, these tests were done on the
internal point source of the instrument during daytime, which provides an extremely stable environment for testing ultimate
performance but is not necessarily representative of real observations. Indeed, the instrument being installed on a Nasmyth
platform of the VLT-UT3, observations require the use of a derotator to stabilise either the field or the pupil. Also the fact
that usual SPHERE/IRDIFS observations cover a broad range of wavelengths (from Y- to K-band) also requires the use
of atmospheric dispersion correctors, which can also potentially introduce a small amount of NCPA. The next logical step
was therefore to perform on-sky tests with the goal of measuring the gain in contrast provided by a proper compensation
of the NPCA.
In this work, we present preliminary results of a series of on-sky tests performed with ZELDA on VLT/SPHERE. The
final results will be provided in a forthcoming, more complete publication (Vigan et al. in prep.). In Sect. 2 we present a
brief description of the strategy and technical aspects of the tests, then in Sect. 3 we compare the convergence of the NCPA
compensation loop on the internal source and on sky, and in Sect. 4 we present the coronagraphic performance with and
without NCPA compensation on-sky. Finally in Sect. 5 we present the conclusions and prospects of this work.
2. SHORT PRESENTATION OF THE TESTS
To perform on-sky tests with ZELDA, we benefited from 1.5 night of technical time awarded by ESO and the Paranal
observatory. The tests were shared between daytime activities during 6 days and 3 half-nights on VLT-UT3 entirely
dedicated to ZELDA validation. The goals for this test period were multiple:
1. checking previous results and performance that were obtained in 2015,
2. demonstrate that the ZELDA measurements can be performed on sky and used to compensate for NCPA,
3. measure the contrast gain in coronagraphic images in the presence of on-sky NCPA calibration,
4. compare internal and on-sky measurements,
5. define an operational strategy for a future implementation of NCPA calibration with ZELDA for all observations.
In the present work we focus on items 2, 3 and 4, which are (to the best of our knowledge) completely new and have
important implications for future instrumentation such as the high-contrast arm of ELT/HARMONI24 or WFIRST/CGI.25
The ZELDA data analysis is entirely based on the public pyZELDA code.26 The approach for the tests follows a strategy
very close to what was previously described in N’Diaye et al. (2016)23 for the implementation of the ZELDA closed-loop
operation, at the exception of the projection of the ZELDA optical path difference (OPD) map on the SPHERE deformable
mirror (DM). As described in N’Diaye et al. (2016), the OPD map computed from ZELDA data cannot be directly projected
on the DM because ZELDA measures spatial frequencies much higher than what the DM can actually correct for: up to
192 cycle/pupil (c/p) vs. up to 40 c/p, respectively. A direct projection of the OPD map on the DM will necessarily result
in unpredictable results due to aliasing effects. In our previous work, we circumvented this issue by applying a low-pass
spatial filtering on the OPD maps, with a cutoff frequency at 25 c/p, which was the value providing the best result at the
time. Although effective, this approach was not the most elegant because it completely bypasses the Karhunen-Loe`ve
modes of the SPHERE AO system, SAXO.27, 28 In the current approach, the OPD maps are first projected on the first 700
modes (out of 950+) that can be seen and controlled by SAXO, and finally being projected on the reference slopes of the
WFS. This approach is hopefully more stable and less subject to noise than the previous one.
As presented in N’Diaye et al. (2016), another important part of the NCPA compensation with ZELDA is to make sure
that the right amount of aberrations can be measured and then applied on the deformable mirror. This is what we called
the sensitivity factor of the wavefront sensor (WFS), which was previously calibrated using the introduction of a ramp
of focus at calibrated amplitudes.23 This calibration remains one of the basic pre-requirements of the NCPA calibration
in SPHERE, but there are still several important questions that have not been addressed yet. In particular, the sensitivity
factor displays a variability of up to 25% depending at which time of the day the calibration is performed. This variability
is not yet fully understood so for the time being the calibration is performed before all important test with ZELDA. Such
an inaccuracy could be extremely problematic in open loop, because the applied correction would not correspond to the
actual value. However, most of our tests are performed in closed loop, where this inaccuracy is acceptable, because the
correction will always be performed in the proper direction as long as the amount of NCPA is small enough (see e.g. Vigan
et al. 201129 for a similar scenario in the case of cophasing). For the moment we neglect the origin of the variation on the
sensitivity factor, but keeping in mind that we would need to understand it for any open-loop use of the ZELDA sensor.
3. LOOP CONVERGENCE
Ideally, the NCPA are sufficiently small so that the ZELDA measurements are all within the quasi-linear range of the sensor,
which enables to compensate for them in a single iteration. However, in practice the calibration issues described in Sect. 2
prevent to compensate for the NCPA in just 1 iteration, so that the compensation must be implemented in a closed-loop
fashion that follows 5 distinct steps:
1. obtain ZELDA measurement,
2. compute the NCPA OPD map,
3. filter the OPD map on the first 700 SAXO KL modes,
4. project the filtered map on the WFS reference slopes,
5. apply the new reference slopes on the WFS.
Figure 1 shows the convergence of the ZELDA loop on the internal source of VLT/SPHERE. The top figure displays
the OPD maps computed at the 5 iterations of the loop, while the bottom plot displays the integrated power spectral density
(PSD) computed on each of the OPD maps. The plot is not directly the raw PSD, but the PSD integrated within bounds of
width 1 c/p: the aberration value provided at spatial frequency s is equal to the value of the PSD integrated between s and
s + 1 cycle/pupil. This enables to directly obtain an estimation of the aberrations, in nm rms, in a given spatial frequency
range. The total amount of NCPA can be obtained by computing the quadratic sum of all values. In this analysis, the
central part of the DM, where the actuators are not controlled, and the dead actuators of the mirror have been masked.
The evolution of the OPD maps in Fig. 1 clearly shows a visual improvement of the NCPA: the strong astigmatism
that clearly dominates at start quickly disappears to only leave a relatively flat wavefront dominated by the print-through
of the actuators and some high-spatial frequencies at the right edge of the DM where several dead actuators prevent from
a completely clean correction. More quantitatively, the integrated PSD shows a decrease by factor of more than 10 in the
1-2 c/p bin after 3 iterations, and a decrease by a factor 2-3 in the 4-12 c/p bins. There is no visible effect for spatial
frequencies above 15 c/p because of the filtering of the OPD maps on the first 700 SAXO KL modes. Between iteration 0
and iteration 3, the amount of aberrations goes from 53 nm rms down to 12 nm rms in the 1-15 c/p range, and from 48 nm
rms down to 6 nm rms in the 1-4 c/p range.
Figure 2 shows the same results as Figure 1 but this time on-sky on star α Crt, a very bright K0 star (V = 4.07,
H = 1.76) which was observed at high elevation in relatively poor observing conditions on 2018-04-01 (1.0′′-1.2′′ seeing,
coherence time <3 ms). The OPD maps look relatively similar to the maps on the internal source, except for the presence of
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Figure 1. Convergence of the ZELDA loop on the internal source using 700 SAXO modes. Top: OPD maps measured with ZELDA and
calibrated in nanometers at all the iterations of the loop. The central part of the DM and the dead actuators have been masked in the
OPD maps. Bottom: Integrated power spectral density of the OPD maps as a function of spatial frequency for all the iterations. The
aberration value provided at spatial frequency s is equal to the value of the PSD integrated between s and s + 1 cycle/pupil. The central
part of the DM and the dead actuators have also been masked in this analysis.
the spiders holding the secondary mirror. Some mid-spatial frequency circular phase structures from the primary mirror are
also clearly visible. They correspond to polishing errors on the telescope primary mirror due to the original machining. The
integrated OPD curve shows a very similar evolution as on the internal source, although the starting point in the 5-15 c/p
range seems lower for these on-sky measurements. The reason for this different starting point is not completely understood
yet. In these measurements, between iteration 0 and iteration 3, the quantity of aberrations goes from 39 nm rms down to
14 nm rms in the 1-15 c/p range, and from 35 nm rms down to 8 nm rms in the 1-4 c/p range.
These initial on-sky results are extremely encouraging and demonstrate that NCPA measurement and compensation
in presence of ExAO-filtered atmospheric residuals are possible. The differences with the internal calibration will be
investigated in the coming months, for example to understand whether or not the difference on the starting point is real
or the result of a measurement bias on sky. An interesting aspect of these tests is also that it does not seem necessary to
average the atmospheric residuals for integration times longer than 15-20 sec. Indeed, we perform additional tests (not
present here) which did not show any visible differences in the PSD of the measured NCPA with integration times from
15 sec up to 120 sec. This means that for bright stars, for which we would expect the NCPA correction to bring a visible
improvement on the quasi-static speckles, a short overhead of only ∼1 min would be necessary at the beginning of the
observation sequence.
4. CORONAGRAPHIC PERFORMANCE
The validation of the NCPA correction was performed on 2018-04-01 by switching to coronagraphic imaging immediately
after the NCPA calibration sequence. For the coronagraph, We used an APLC30 with a focal plane mask of 185 mas in
diameter. The images were acquired in the IRDIS/DBI mode with the H2 filter at λ = 1.593 µm in relatively poor observing
conditions with NEXP×DIT×NDIT=4×7×10 sec. Unfortunately the 10 images for each of the 4 exposures were averaged at
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Figure 2. Same as Fig. 1 but the data is now acquired on-sky on a bright star (α Crt, K0, V = 4.07, H = 1.76) observed on 2018-04-03.
In these on-sky data, the spiders have been masked in the analysis in additional to the central obscuration and the dead actuators of the
DM.
the level of the detector controller, which means that we do not have access to the individual exposures. Since the observing
conditions were far from optimal, it is possible that some images with poor AO correction were averaged in the sequence,
making it difficult to estimate the absolute gain provided by the NCPA correction.
The results are presented in Fig. 3. The top row of the figure shows coronagraphic images without NCPA compensation
(left, iteration 0 in Fig. 2) and with NCPA compensation (right, iteration 3 in Fig. 2). These images are normalized to the
peak flux of an off-axis reference PSF of the star acquired at the beginning of the sequence. The bottom row of the figure
show the contrast curves for the images acquired at each loop iteration, again normalized to the intensity peak of the off-axis
stellar PSF. The contrast curves are calculated as the azimuthal standard deviation in annulii of width λ/D.
The gain in contrast is not obvious by just looking at the coronagraphic images. Speckles at the edge of the coronagraph
are clearly modified by the compensation of the NCPA, but it is hard to tell whether their variance is decreased or not. The
horizontal and vertical radial structures caused by the print-through of the actuators of the DM are clearly attenuated up to
separations of ∼15λ/D. The contrast plot shows a small gain in contrast between 100 and 200 mas and between 400 and
700 mas, but this gain remains below a factor of 2, which is marginal.
The comparison between the gain on the internal source and on sky is presented in Fig. 4. However, the on-sky data
is most likely limited by the uncorrected atmospheric residuals. This is expected, especially in poor observing conditions.
Temporal residuals close to the axis seem to be much higher on-sky, as well as the “speckle floor” between 200 and
600 mas. Nonetheless some gain is visible at similar separations both on-sky and internally, which confirms that the NCPA
compensation really has an effect on the quasi-static speckles, but because of the poor conditions it is impossible to exactly
estimate the final contrast level set by these speckles. The data remain dominated by uncorrected AO-residuals.
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Figure 3. Coronagraphic performance on sky based on a sequence acquired on 2018-04-01 on α Crt (K0, V = 4.07, H = 1.76). Top:
coronagraphic images, calibrated in contrast with respect to the peak of unocculted PSF, with the default WFS reference slopes and with
the reference slopes corrected to compensate the NCPA based on the ZELDA measurement after 3 iterations (see Fig. 2). The corona-
graph is an APLC with a focal plane mask of 185 mas in diameter. The images are acquired in the IRDIS/DBI mode with the H2 filter at
λ = 1.593 µm. The data were acquired in relatively poor observing conditions (1.0′′-1.2′′ seeing) with NEXP×DIT×NDIT=4×7×10 sec.
Unfortunately the 10 images for each of the 4 exposures were averaged at the level of the detector controller, which means that we do
not have access to the individual exposures and we cannot select the best frames for the contrast estimation in these poor observing
conditions. Bottom: Contrast curves corresponding to the two images. The contrast is calculated as the azimuthal standard deviation in
annulii of width λ/D.
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Figure 4. Comparison of the contrast curves with and without compensation of the NCPA on the internal source and on sky based on the
data acquired on 2018-04-01. The on-sky data is compared to internal data acquired during the afternoon preceding the observations.
For the on-sky data, the 4 curves correspond to the contrast obtained on the 4 different exposures acquired on 2018-04-01. The are the
same as the curves presented in Fig. 3
5. CONCLUSIONS & PROSPECTS
High-contrast imaging of exoplanets from the ground requires to combine extreme AO and coronagraphy, but for optimal
coronagraphic attenuation one needs to properly measure and compensate for the NCPA between the wavefront sensing
and the science paths in the instrument. The ZELDA wavefront sensor implemented in VLT/SPHERE enables to calibrate
some with nanometric accuracy.
The performance of this sensor for NCPA compensation has been previously demonstrated. In our new results, the
quantitative estimation of the PSD of the OPD maps measured with ZELDA demonstrates that the low-spatial frequency
aberrations (1-4 c/p) can be reduced by a factor 8 on the internal source, which translates into a gain of more than a factor
3 in contrast at 200 mas, and almost 10 at 600 mas. These results are slightly worse than the ones that were previously
obtained in 2015.23 This could potentially be explained by the fact that in 2015 the defocus at the level of the corona-
graph mask may not have been compensated in the data without NCPA compensation, resulting in worse coronagraphic
performance in our recent data. In the new data, particular care was taken to ensure an optimal performance in every
configuration for fair comparison.
We also present the very first on-sky NCPA compensation using ZELDA. The analysis of the OPD maps and the
corresponding PSD shows a clear gain, at an equivalent level to the one obtained on the internal source. The final aberration
level seems to be almost identical between the internal source and on-sky. On the coronagraphic images, the gain is
less obvious. Some speckles are clearly affected by the NCPA compensation, but the gain in contrast remains marginal.
However, a gain in contrast is observed at similar separations both internally and on-sky, which is a good indication that the
NCPA are indeed properly compensated. The fact that the observing conditions were relatively poor when the data were
acquired almost certainly explains the small gain in contrast: the data remain dominated by uncorrected AO-residuals.
From this we conclude that under poor to fair seeing and coherence time conditions, the calibration of the NCPA brings
only a marginal gain as quasi-static speckles do not constitute the main limitation in the well-corrected region of the
focal plane. Therefore, use of night-time for the calibration of the NCPA would only make sense in moderate to good
corrections. Such a scheme would fit well within the new set of atmospheric constraints including coherence time that will
be implemented for service mode observing on VLT/SPHERE in 2019, which will give the possibility for astronomers to
request excellent to good conditions based on coherence time.
Additional ZELDA data and coronagraphic data have been acquired during our tests at the ESO/Paranal observatory,
which hopefully will provide more insight into the current limitations of ZELDA on-sky. In particular some data will
provide information regarding the stability of the NCPA compensation in real observing conditions, where the telescope
is moving and the derotator and ADCs are rotating. This temporal aspect is essential to define operational aspects like the
frequency at which the NCPA calibration must be executed to bring a real benefit to the observations. All these results will
be presented in a forthcoming publication.
ACKNOWLEDGMENTS
This project has received funding from the European Research Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (grant agreement No. 757561). AV and MN would like to thank ESO and the Paranal
observatory for their strong support during their visitor run and their continued support for the implementation of ZELDA
as the NCPA calibration strategy for SPHERE.
SPHERE is an instrument designed and built by a consortium consisting of IPAG (Grenoble, France), MPIA (Heidel-
berg, Germany), LAM (Marseille, France), LESIA (Paris, France), Laboratoire Lagrange (Nice, France), INAF - Osserva-
torio di Padova (Italy), Observatoire de Genve (Switzerland), ETH Zurich (Switzerland), NOVA (Netherlands), ONERA
(France) and ASTRON (Netherlands) in collaboration with ESO. SPHERE was funded by ESO, with additional contri-
butions from CNRS (France), MPIA (Germany), INAF (Italy), FINES (Switzerland) and NOVA (Netherlands). SPHERE
also received funding from the European Commission Sixth and Seventh Framework Programmes as part of the Optical In-
frared Coordination Network for Astronomy (OPTICON) under grant number RII3-Ct-2004-001566 for FP6 (2004-2008),
grant number 226604 for FP7 (2009-2012) and grant number 312430 for FP7 (2013-2016).
REFERENCES
[1] Beuzit, Feldt, Dohlen, et al., “SPHERE: a planet finder instrument for the VLT,” in [SPIE ], 7014 (Aug. 2008).
[2] Macintosh, Graham, Palmer, et al., “The Gemini Planet Imager: from science to design to construction,” in [Society
of Photo-Optical Instrumentation Engineers (SPIE) Conference Series ], 7015 (July 2008).
[3] Guyon, Martinache, Garrel, et al., “The Subaru coronagraphic extreme AO (SCExAO) system: wavefront control and
detection of exoplanets with coherent light modulation in the focal plane,” in [Society of Photo-Optical Instrumenta-
tion Engineers (SPIE) Conference Series ], 7736 (July 2010).
[4] Hinkley, Oppenheimer, Zimmerman, et al., “A New High Contrast Imaging Program at Palomar Observatory,”
PASP 123, 74–86 (Jan. 2011).
[5] Skemer, Hinz, Esposito, et al., “First Light LBT AO Images of HR 8799 bcde at 1.6 and 3.3 µm: New Discrepancies
between Young Planets and Old Brown Dwarfs,” ApJ 753, 14 (July 2012).
[6] Close, Males, Follette, et al., “Into the blue: AO science with MagAO in the visible,” in [Adaptive Optics Systems
IV ], SPIE 9148, 91481M (Aug. 2014).
[7] Macintosh, Graham, Ingraham, et al., “First light of the Gemini Planet Imager,” Proceedings of the National Academy
of Science 111, 12661–12666 (Sept. 2014).
[8] Vigan, Gry, Salter, et al., “High-contrast imaging of Sirius A with VLT/SPHERE: looking for giant planets down to
one astronomical unit,” MNRAS 454, 129–143 (Nov. 2015).
[9] Galicher, Rameau, Bonnefoy, et al., “Near-infrared detection and characterization of the exoplanet HD 95086 b with
the Gemini Planet Imager,” A&A 565, L4 (May 2014).
[10] Chilcote, Barman, Fitzgerald, et al., “The First H-band Spectrum of the Giant Planet β Pictoris b,” ApJ Letter 798,
L3 (Jan. 2015).
[11] Vigan, N’Diaye, Dohlen, et al., “Apodization in high-contrast long-slit spectroscopy. II. Concept validation and first
on-sky results with VLT/SPHERE,” A&A 586, A144 (Feb. 2016).
[12] Zurlo, Vigan, Galicher, et al., “First light of the VLT planet finder SPHERE. III. New spectrophotometry and astrom-
etry of the HR 8799 exoplanetary system,” A&A 587, A57 (Mar. 2016).
[13] Macintosh, Graham, Barman, et al., “Discovery and spectroscopy of the young jovian planet 51 Eri b with the Gemini
Planet Imager,” Science 350, 64–67 (Oct. 2015).
[14] Konopacky, Rameau, Ducheˆne, et al., “Discovery of a Substellar Companion to the Nearby Debris Disk Host HR
2562,” ApJ 829, L4 (Sept. 2016).
[15] Chauvin, Desidera, Lagrange, et al., “Discovery of a warm, dusty giant planet around HIP 65426,” A&A 605, L9
(Sept. 2017).
[16] Ginski, Benisty, van Holstein, et al., “First direct detection of a polarized companion outside of a resolved circumbi-
nary disk around CS Cha,” ArXiv e-prints , arXiv:1805.02261 (May 2018).
[17] Fusco, Rousset, Sauvage, et al., “High-order adaptive optics requirements for direct detection of extrasolar planets:
Application to the SPHERE instrument,” Optics Express 14, 7515 (2006).
[18] Sauvage, Fusco, Rousset, & Petit, “Calibration and precompensation of noncommon path aberrations for extreme
adaptive optics,” Journal of the Optical Society of America A 24, 2334–2346 (Aug. 2007).
[19] Macintosh, Poyneer, Sivaramakrishnan, & Marois, “Speckle lifetimes in high-contrast adaptive optics,” in [Astro-
nomical Adaptive Optics Systems and Applications II], Tyson & Lloyd-Hart, eds., SPIE 5903, 170–177 (Aug. 2005).
[20] Martinez, Loose, Aller Carpentier, & Kasper, “Speckle temporal stability in XAO coronagraphic images,” A&A 541,
A136 (May 2012).
[21] Martinez, Kasper, Costille, et al., “Speckle temporal stability in XAO coronagraphic images. II. Refine model for
quasi-static speckle temporal evolution for VLT/SPHERE,” A&A 554, A41 (June 2013).
[22] N’Diaye, Dohlen, Fusco, & Paul, “Calibration of quasi-static aberrations in exoplanet direct-imaging instruments
with a Zernike phase-mask sensor,” A&A 555, A94 (July 2013).
[23] N’Diaye, Vigan, Dohlen, et al., “Calibration of quasi-static aberrations in exoplanet direct-imaging instruments with
a Zernike phase-mask sensor. II. Concept validation with ZELDA on VLT/SPHERE,” A&A 592, A79 (Aug. 2016).
[24] Thatte, Clarke, Bryson, et al., “The E-ELT first light spectrograph HARMONI: capabilities and modes,” in [Ground-
based and Airborne Instrumentation for Astronomy VI ], SPIE 9908, 99081X (Aug. 2016).
[25] Bailey, Bottom, Cady, Cantalloube, & et al., “Lessons learned for WFIRST CGI from ground-based high-contrast
systems,” SPIE 10698 (2018).
[26] Vigan & N’Diaye, “pyZELDA: a Python code for Zernike wavefront sensors.” Astrophysics Source Code Library
(May 2018).
[27] Petit, Sauvage, Fusco, et al., “SPHERE eXtreme AO control scheme: final performance assessment and on sky
validation of the first auto-tuned LQG based operational system,” in [Adaptive Optics Systems IV], 9148, 91480O
(Aug. 2014).
[28] Sauvage, Fusco, Andres, et al., “Low Wind Effect, the main limitation of the SPHERE instrument,” in [Proceedings
of the Fourth AO4ELT Conference ], Esposito & Fini, eds. (2016).
[29] Vigan, Dohlen, & Mazzanti, “On-sky multiwavelength phasing of segmented telescopes with the Zernike phase
contrast sensor,” Applied Optics 50, 2708 (June 2011).
[30] Soummer, “Apodized Pupil Lyot Coronagraphs for Arbitrary Telescope Apertures,” ApJ Letter 618, L161–L164 (Jan.
2005).
